Despite the evidence that the immune system plays a significant role in controlling tumor growth in natural conditions and in response to therapeutic vaccination, cancer cells can survive their attack as the disease progresses and no vaccination regimen should be currently proposed to patients outside experimental clinical trials. Clinical results show that the immune system can be actively polarized against malignant cells by means of a variety of vaccination strategies, and that in some cases this is associated with tumor regression. This implies that under some unique circumstances, the naturally "dormant" immune effectors can actually be put at work and used as endogenous weapons against malignant cells.
ABSTRACT
Despite the evidence that the immune system plays a significant role in controlling tumor growth in natural conditions and in response to therapeutic vaccination, cancer cells can survive their attack as the disease progresses and no vaccination regimen should be currently proposed to patients outside experimental clinical trials. Clinical results show that the immune system can be actively polarized against malignant cells by means of a variety of vaccination strategies, and that in some cases this is associated with tumor regression. This implies that under some unique circumstances, the naturally "dormant" immune effectors can actually be put at work and used as endogenous weapons against malignant cells.
Consequently, the main challenge of tumor immunologists appears to lie on the ability of reproducing those conditions in a larger set of patients. The complexity of the immune network and the still enigmatic host-tumor interactions make these tasks at the same time challenging and fascinating. Recent tumor immunology findings are giving new impetus to the development of more effective vaccination strategies and might revolutionize the way of designing the next generation of cancer vaccines. In the near future, the implementation of these insights in the clinical setting and the completion/conduction of comparative randomized phase III trials will allow oncologists to define the actual role of cancer vaccines in the fight against malignancy. 
INTRODUCTION
Despite the continuous advances in tumor biology and the refinements of conventional therapeutic approaches (i.e. surgery, chemotherapy and radiation therapy), cancer-related mortality rates have not strikingly changed over the last few decades. Therefore, the development of newer molecularly targeted treatments is urgently needed in order to translate our knowledge of the molecular mechanisms underlying cancer development/progression into effective therapeutic strategies (1) .
Cancer vaccines embody the ideal tumor-killing system for three main reasons: 1) unlike chemotherapy, which follows a log-kill kinetics, immune system mediators can theoretically hunt-down single malignant cells; 2) its potentially extreme tumor specificity, which has so far no equals among anticancer agents/strategies, guarantees minimal toxicity (2); 3) once appropriately trained, the immune system can mount a "cytotoxic memory" against the targeted tumor, ensuring further protection against disease recurrence.
The concept of immune surveillance, proposed by Burnet in the 1950s, holds that a physiologic function of the immune system is to recognize and destroy clones of transformed cells (3) . Although the importance and even the existence of immune surveillance has been questioned, it is now clear that the immune system can react and sometime play an important role in tumor control in humans (4) . Both cytotoxic T-lymphocytes (CTL) and antibodies specific for tumor-associated antigens (TAA) have been found in tumor-bearing patients (5) (6) (7) (8) . In addition, CTL isolated from patients affected with cancercan lyse autologous and HLA-matched tumor cells in vitro (9) . Immunosuppressed individuals, such as organ transplant recipients or patients affected with primary or acquired immunodeficiency disorders, have an increased risk for developing malignancy (10, 11) .
Molecularly defined or undefined TAA can be administered to cancer patients in an attempt to induce a systemic immune response ultimately leading to malignant cell destruction. Like vaccine development for infectious diseases, this procedure is defined as active specific immunotherapy (ASI) or vaccination, as the host immune system is activated ex novo or re-stimulated to mount an effective tumor-specific immune reaction against malignant cells. Other cancer immunotherapy types have been proposed, which are not the subject of this review (Table  1) . Following a variety of ASI modalities, objective tumor responses have been obtained in up to 20-40% of patients with different types of solid and hematological malignancies (12, 13) . However, the results of anticancer vaccines appear to have reached a plateau of results in the clinical setting, and currently no vaccination regimen is indicated as the standard therapy for any type of malignancy.
Overall, despite the large body of data available on this subject, we still do not know in detail the cascade of molecular events leading to an effective immune response seen in some cancer patients following vaccination: only the dissection of these mechanisms will allow us to identify better strategies to polarize the immune system against tumors.
In this work, the principles, challenges and results of anticancer vaccination are reviewed. To this aim, PubMed searches of the National Library of Medicine were performed. Where appropriate, cited references from
Table 2. Tumor associated antigens (TAA)
Tumor associated antigens (TAA) are generally classified into five categories: a) unique antigens (or tumor-specific antigens) are specific to an individual tumor and result from tumor genetic instability phenomena (e.g. mutations, translocations); b) differentiation antigens (or tissue-specific antigens) are expressed by the tumor and the normal tissue from which it derives; c) shared antigens (or cancer-testis antigens) are expressed by a variety of tumor types and not by normal tissues, with the exception of spermatogonia; d) overexpressed antigens can be found in normal tissues but are massively overexpressed by malignant cells; e) viral antigens are coded by the genome of viruses implicated in the genesis of some malignancies. selected articles were also reviewed. The search topics included cancer vaccines, immunotherapy, and clinical trials, the only restriction criterion being English language. For ongoing clinical trials, the dedicated National Cancer Institute website (http://www.cancer.gov/clinicaltrials) was also searched.
TUMOR IMMUNOLOGY

Tumor associated antigens
For a long time it was thought that tumors are ignored by the immune system and that TAA do not exist. After the milestone experience of chemically or virally induced tumors rejected by syngeneic mice as a result of the ex novo generation of highly immunogenic tumorspecific transplant antigens (14), investigators could demonstrate that several naturally occurring TAA can be the target of humoral and/or cellular adaptive immune response (15) . In particular, in the 1980s investigators recognized that tumor-infiltrating lymphocytes (TIL) obtained from different HLA-matched patients with melanoma were capable of lysing HLA-matched melanoma cell lines (16) . This proved that melanoma TAA can be shared and led to the characterization of their gene sequences and the immunogenic amino-acid sequences presented by HLA molecules on the cell surface. Since then, the number of TAA has increased rapidly. The molecular identification of TAA recognized by T-cells has opened new possibilities for the development of effective immunotherapies for patients with cancer (17) . Although some TAA derive from mutated genes (18) , most of them are products of non-mutated genes encoding intracellular proteins that are commonly expressed by autologous cancer cells (19) (Table 2 ).
Anticancer vaccination is based on the assumption that the immune system can recognize and react to TAA. Only short peptide sequences of the entire tumor antigen protein are immunogenic. These peptide sequences (called epitopes) are presented by HLA molecules according to a set of rules derived from the proteasome cleavage sites, the affinity of transporters associated with antigen processing (TAP), and the anchoring pockets in the peptide-binding groove of the HLA molecule (20) . Within the so-called immune synapse, the HLA-peptide complex presented by the antigen-presenting cell (APC) is recognized by the T-cell receptor complex (TCR) expressed on the surface of the T-cell (21) .
Cancer cells frequently have derangements of gene expression, but only a minority of tumors expresses truly foreign (non-self) proteins (22) . The recognition of non-mutated self-antigens on tumor cells indicates that the immune system has the adequate T-cell repertoire to generate antitumor responses that are in fact anti-self responses. The self-reactive T-cells that escaped central tolerance in the thymus circulate in the periphery of normal individuals, but can be maintained in a tolerant or ignorant state by the lack of recognizable antigen (cryptic or subdominant) or by homeostatic processes in what is called peripheral tolerance (20, 23) . To initiate an immune response and overcome peripheral tolerance the TAAwhether self or non-self -has to be presented with the appropriate immune activating signals (20,23).
Two-signal model and TAA cross-presentation
Immunologists have long recognized that two signals are necessary for the initial activation of naive T-cells (24). The two-signal model predicts that when an antigen is presented by an HLA molecule (signal-1) together with the costimulatory molecules B7.1/CD80 and B7.2/CD86 (signal-2), an immune response will be generated. Conversely, if only signal-1 is presented, which is the case for the majority of tumor cells, an immune response will not be initiated because signal-2 is lacking, which helps maintain peripheral tolerance or ignorance of TAA (25, 26) .
Because cancer cells only have signal-1 and usually lack non-self epitopes that would generate a danger signal (27) , TAA need to be presented to T-cells by other types of cells, i.e. APC. This can be achieved by a process known as cross-presentation, which is a general mechanism for the induction of T-cells. TAA released by malignant cells are taken up by APC, which process and present them on their surface in a HLA class-I or -II restricted fashion. APC (e.g. dendritic cells, DC) can efficiently prime T-cells when they display HLA-antigen complexes (signal-1) together with costimulatory molecules (signal-2), which activates naive T-cells in a process known as crosspriming. However, under particular circumstances, crosspresentation can induce T-cell tolerance, a process known as cross-tolerance, which may have an important role in maintaining tolerance to self antigens (28).
Dendritic cells
DC have emerged as the most powerful APC to stimulate naive T-cells (29) . These infrequent bone marrow-derived leukocytes are optimally prepared for antigen presentation and stimulation of immune cells because they have the greatest surface density of HLA and costimulatory molecules, together with a high motility (which allows them to traffic from the periphery, where they take-up antigens, to lymph nodes, where they crosspresent antigens to T-cells), and have the ability to produce immunostimulatory cytokines (e.g. interleukin-12, IL-12) and chemokines. In the majority of other cell types, the HLA class-I pathway only presents endogenous antigens and is therefore unable to cross-present exogenous antigens. DC are specialized in antigen presentation to and stimulation of both the innate and adaptive immune system because of their ability to interact with CD4 + and CD8 + Tcells (adaptive immunity) as well as natural killer (NK) and natural killer T (NKT) cells (innate immunity) (30).
Immune response autoregulation
A balance exists between immune response and tolerance or ignorance of TAA. DC can tip this balance by guiding the immune system towards acceptance or rejection of tumor cells, thus making a judgment of what should be presented and recognized as non-dangerous self, dangerous self, or non-self (31) . Once T-cells are activated, the immune system makes a great effort to keep them under control.
Uncontrolled exponential expansion of lymphocytes after antigen stimulation would quickly overwhelm the lymphoid organs, and unchecked cytokine production and cytotoxic activity may lead to autoimmunity. An understanding of these control mechanisms of immune activation will undoubtedly help optimize the design of immunotherapy interventions and cancer vaccine development (32, 33) .
Cytokine profile
On the basis of the pattern of cytokine production, CD4
+ T-cell clones can be subdivided into two distinct populations that influence and are at the same time affected by DC activity (34) . T-helper-1 (Th1) clones produce interleukin-2 (IL-2), interferon-gamma (IFN-γ), and tumor necrosis factor (TNF) (type-1 cytokines), whereas Th2 clones produce IL-4, IL-5, IL-6, and IL-10 (type-2 cytokines). Th1 clones mediate cytotoxic and delayed-type hypersensitivity (DTH) reactions, whereas Th2 cells are more potent helpers for antibody production (humoral response). Deviation from a type-1 to a type-2 cytokine profile has been associated with decreased protection to tumors and this phenomenon has been mainly linked to depressed DC function (35) (36) (37) (38) 
Regulatory T-cells
The existence of peripheral lymphocytes with a professional suppressor function has been suspected for many years, but better characterization of these cells is relatively recent (57). A distinct population of 5% to 10% of the total CD4 + T-cells constitutively express CD25 (the alpha chain of the IL-2 receptor), which is only expressed by other CD4 + T-cells after TCR activation. These CD4 + /CD25
+ T-cells (also called T-regulatory cells) actively suppress auto-reactivity because in their presence other lymphocytes specific for self-antigens fail to react to them. The depletion of these cells leads to the development of autoimmune diseases, such as colitis or encephalitis and the potentiation of antitumor responses. These cells have been remarkably conserved in evolution, with similar properties in different species. These properties include a limited ability to proliferate, constitutive expression of intracellular and surface CTLA-4, and an ability to produce immune-suppressive cytokines, such as IL-10 and TGF-β (58). Remarkably, the presence of T-regulatory cells (particularly those expressing Foxp3, the forkhead/winged helix transcription factor) has been repeatedly correlated with immunosuppression and dismal clinical outcome in cancer-bearing patients (59-61). An intense cross-talk exists between DC and T-regulatory cells. In particular, accumulating evidence indicates that subsets of human DC play a critical role in the induction of peripheral tolerance not only by directly anergizing effector CD4 + and/or CD8 + T-cells but also inducing the differentiation of naive T-cells into T-regulatory cells (21, 62, 63) . Human DC subsets with the property of suppressing an antigen-specific T-cell response include plasmacytoid DC, which are either in an immature state or in a mature state induced by CD40-ligand stimulation, and monocyte-derived DC, which are either in an immature state or have had their state modulated by treatment with IL-10. These "tolerogenic" DC may be relevant to explain how the human immune system can remain in a dormant mode though in the presence of TAAspecific T-cells (64,65). Accordingly, the modulation of Tregulatory cells activity directly or by redirecting DC function on their generation might drastically improve the efficacy of therapeutic cancer vaccines, as already suggested in animal models (66-68) and advocated in humans (69).
Tumor immune escape
Despite the evidence that the immune system plays a significant role in controlling tumor growth in natural conditions or in response to therapeutic manipulation, cancer cells can survive their attack as the disease progresses. Several mechanisms underlying immune escape have been proposed (25, 70, 71) (Figure 1 ). Cancer genetic instability can lead to TAA/HLA downregulation as well as to the disruption of the TAA processing/presenting machinery (e.g. proteasome, TAP-1), which in turn allows malignant cells to elude the surveillance of immune sentinels (72, 73) . The production of immunosuppressive cytokines (e.g. transforminggrowth-factor-beta, TGF-β; interleukin-10, IL-10) (74) and the expression of lymphotoxic molecules (i.e. FAS ligand) (75) by malignant cells suggest that cancer can actively inhibit the activity of tumor-specific T-cells. To take another example, tumor cells (along with most normal cells) generally lack costimulatory molecules, such as B7.1/CD80 and B7.2/CD86, which are physiologically expressed on professional APC (76, 77) . In the absence of costimulation, T-cells tend to become anergic (78) . In the non tumor-bearing setting, the absence of B7 molecule expression has been hypothesized to protect normal cells against autoreactivity (79) . Transfection of tumor cells with both isoforms has been used successfully to trigger their immune-mediated rejection of experimental mouse tumors with some inherent immunogenicity (80) .
Nevertheless, these mechanisms cannot explain all cases of immunotherapy failure and their in vivo relevance has been partially questioned. In humans, TAA/HLA expression is not always downregulated in progressing metastases of patients undergoing vaccination (81) , and FAS-L is not expressed in most melanoma specimens (82) . The immunosuppressive role of some cancer-derived molecules (e.g. IL-10) has been revisited and at least in part confuted (83, 84 ). Yet, in animal models tumor rejection is not observed when B7 molecules are inserted into poorly immunogenic tumors (85) . Nonimmunogenicity is a category into which most, if not all, human tumors would fall: thus, a lack of expression of the CD80 and CD86 costimulatory molecules is unlikely to be a global explanation for immune escape.
Overall, despite the significant advances in our understanding of tumor-host relationship, the cascade of molecular events leading to tumor rejection/tolerance by the immune system is still incompletely elucidated, especially in humans. However, several recent insights in tumor immunology might help oncologists break the immune tolerance towards malignant cells in the next future.
3.9.
Tumor microenvironment and immune responsiveness Different tumor types respond to immune manipulation with a dramatically different level of sensitivity. Among cancers, melanoma and renal cell carcinoma appear to be most sensitive to immune therapy, though the reason for this immune sensitivity is not known. Among these patients, only a limited number appear to respond to various types of immunotherapy and, also in this case, the reason for this heterogeneity is not clear. Finally, in the same patient it is possible to observe that some tumor nodules regress or disappear while others progress (mixed response). By identifying the unique features that govern tumor immune responsiveness/resistance by comparing responding patients/lesions with those non-responding may help understand the mechanisms governing tumor rejection and design newer and more effective immunotherapeutic regimens (86) . Adopting this strategy, it was found that melanoma metastases undergoing complete regression in response to peptide/IL-2 based immunotherapy are characterized by a gene profile different from that of progressing lesions (87,88). Using high-throughput cDNA microarray technology and quantitative real time PCR to analyze transcript levels of FNA material (89) (90) (91) , a set of immune-related genes including TIA-1 and IL-10 was found to be over-expressed in melanoma metastases responding to vaccination. TIA-1 codes for a 15 kd cytotoxicity-related protein expressed by CTL and NK cells and is characterized by pro-apoptotic properties (92, 93) . IL-10 is generally considered an immunosuppressive molecule that can anergize CTL, acting both directly on these cells (94) and through its inhibitory effects on DC (74, 95) . However, several pre-clinical models have shown that IL-10 can also mediate tumor regression by stimulating NK cells activity (96) (97) (98) (99) (100) (101) . Furthermore, IL-10-conditioned NK cells (but not CTL) increase both TIA-1 expression and cytotoxic activity (84, 102) . These observations led to hypothesize that, in the presence of high levels of IL-10 in the tumor microenvironment, NK cells might be stimulated to lyse cancer cells, thus increasing the availability of TAA and the delivery of biologically active molecules (e.g. HSP, dsDNA) required by DC to be activated and effectively prime CTL against TAA (103,104). The idea that an inflammatory status can lead to a better TAA presentation has been recently strengthened in a preclinical model, in which intradermal injection of plasmid DNA encoding a transcriptionally targeted cytotoxic gene along with HSP70 not only promoted tissue-specific, inflammatory killing of normal melanocytes, but also induced a CD8 + T-celldependent, antigen-specific response in mice that eradicated systemically established B16 tumors (50).
It is believed that NK cells play a crucial role in the early phase of adaptive immunity engagement against both infectious agents and tumor cells, thus providing a key link between innate and adaptive immunity (105). Moreover, it has been postulated that NK cell activity within the tumor microenvironment may be suppressed by some factors, including reactive oxygen species produced by tumor infiltrating monocytes and macrophages (106). Agents that inhibit the generation of reactive oxygen species (ROS), such as IL-10 (107,108) and histamine (109) , might abrogate this suppression, thus offering potential therapeutic benefit as immunological adjuvants, as suggested by a recent phase III clinical trial (110) . Other findings support the idea that -beside the development of TAA-specific immune cells -tumor microenvironment features play also a crucial role in determining an effective immune response against cancer. For instance, the tumor barrier comprised of non-antigenic stromal cells may contribute to the failure of tumor rejection. Forced expression of LIGHT, a member of the TNF superfamily (111) , in the tumor environment induces a massive infiltration and activation of naive T-cells that ultimately leads to the rejection of established, highly progressive tumors at local and distal sites (112).
CLINICAL IMPLEMENTATION OF CANCER VACCINES
Cancer vaccine clinical trial design
It is perhaps useful to briefly discuss how the design of cancer vaccine trials differs from the features of traditional chemotherapy trials (113) . In the development of conventional antineoplastic agents, a basic assumption is that the maximum tolerated dose (MTD) is the most effective one, which is the fundament of standard phase I studies. In developing antitumor vaccines, investigators are not usually interested in determining the MTD for at least a couple of reasons: first, most vaccines are well tolerated at dosages clinically active; second, there is wide experience with preclinical models to suggest that high vaccine doses can be less immunogenic, a phenomenon known as highzone tolerance (114) . Therefore, initial clinical trials with a new vaccine typically seek to define the tolerability (general toxicity, induction of autoimmune disease) and immunogenicity of a narrow range of relatively low dosages of vaccine. Unlike conventional chemotherapeutic drugs, the activity of vaccines is not directly proportional to the dose and depends upon several other variables, such as route of administration (intradermal, subcutaneous, intravenous, intramuscular, intranodal, intratumoral), schedule of administration and use of immunological adjuvants, as the antitumor effect of vaccines is not direct but mediated by the stimulation of a highly complex and complexly integrated cellular/molecular network, such as the immune system. Therefore, the main objective of phase I ASI trials is to identify an immunogenic formulation eliciting an appropriate immune response (surrogate marker of response to vaccination) against the target (molecularly defined or undefined TAA). Then, larger clinical trials in the therapeutic (presence of measurable, clinically evident disease) or adjuvant (absence of clinically evident disease, e.g. after radical surgery or complete remission following systemic chemotherapy) setting can be designed with phase II type objectives, such as tumor response rate or time to relapse/overall survival, respectively. As surrogate parameters of ASI efficacy (immune response) can be deceiving (i.e. immune response without clinical benefit) (64, [115] [116] [117] , most initial ASI studies should be designed as phase I-II trials in order to identify the optimal vaccine preparation not only on the basis of surrogate endpoints but also considering the ultimate goal of anticancer vaccination (evidence of antitumor effect).
The final test for ASI studies, as for chemotherapeutic agents, is represented by phase III randomized trials comparing immunotherapy with standard treatments.
Immune response monitoring
Like any other antineoplastic treatment, the aim of cancer vaccines is to induce tumor regression/disappearance and ultimately prolong patients' survival. The antitumor effectiveness of a given vaccine may require months (therapeutic setting) or even years (adjuvant setting) of observation to be demonstrated. A surrogate endpoint of anticancer ASI could be considered the induction of an effective immune response against malignant cells, as this objective can be yielded much more quickly than the tumor control rate by comparing the immune reactivity against TAA before and after vaccination (118) (119) (120) (121) (122) . However, a major issue in immunological monitoring of vaccinated cancer patients is whether or not the measured immune response correlates with the antitumor activity/effectiveness of a given ASI strategy. In fact, while the immune response (mainly antibody production) to anti-infectious disease vaccines well correlates with the degree of protection towards the targeted infectious agent, no similar conclusions can be currently drawn in the field of anticancer ASI, particularly in the case of T-cell-mediated immune responses.
Humoral response
Plasma antibody titers are generally measured by ELISA-based methods, which allow not only the measurement of the overall antibody response to a particular TAA but also the identification of the antibody class (IgM and/or IgG) and the avidity induced by the vaccination. These parameters have been useful to determine both the most antigenic TAA and the most appropriate immunological adjuvant to induce immunological memory as reflected by the IgG production. Cancer vaccine trials that seek to immunize patients with a carbohydrate-based antigen, which predominantly induces a humoral response, often measure tumor-specific antibody generation as a primary immunological endpoint. By contrast, many clinical studies of cancer vaccines targeting non carbohydrate-based TAA do not include analysis of humoral response. Antibody levels in some circumstances can reflect Tcell responses, as demonstrated in infectious disease and cancer models. Moreover, in some clinical studies a positive correlation between the generation of anti-TAA antibodies and patients' clinical outcome (123) (124) (125) (126) (127) (128) . Therefore, a larger use of humoral response monitoring in cancer vaccine trials has been advocated (119).
T-cell response
The two most commonly used in vitro methods for measuring TAA-specific T-cell responses include: 1) the assessment of T-cell clonal expansion following incubation of T-cells with the TAA in the presence of a radio-labeled nucleotide (e.g.
3 H-thymidine), and 2) the measurement of T-cell ability to lyse TAA expressing target cells labeled with radioactive (e.g. chromium release assay) or chromogenic (e.g. tetrazolium salt or MTT assay) substances. T-cell proliferation assays have distinct limitations, such as the inability to determine what T-cell type (i.e. CD8 + or CD4 + T-cells) is responding, poor reproducibility and a non-quantitative readout. Furthermore, the evaluation of the blastogenic response requires that antigens used are exceptionally pure. This is a challenging issue as many recombinant proteins are made in E. Coli systems and even small amounts of endotoxin can result in T-cell proliferation.
T-cell cytotoxicity assays, which are appropriate to for detecting CTL lytic activity, are limited by the low reproducibility (due to inconsistencies in choice and labeling of targets) and the scarce availability of autologous tumor cells (particularly in the adjuvant setting and in case of visceral tumors/metastases). The use of HLA-matching TAP-deficient T2 cells loaded with the relevant peptide can be a useful tool to overcome the latter issue.
No correlation between the immune response as measured by these two methods and clinical outcome has been reported, yet.
Enzyme-linked immunospot (ELISPOT) assays is based on the principle of the ELISA method. A 96-well nitrocellulose-bottomed microtiter plate is coated with an antibody that binds the cytokine of interest (most often IFN-γ). To detect TAA-specific T-cells, either unseparated peripheral blood mononuclear cells (PBMC) or isolated CD8 + or CD4 + T-cells are incubated along with the TAA. In response to the TAA, T-cells release the cytokine of interest, which is bound to the antibody-coated well and revealed by the following enzyme-labeled detection antibody/chromogenic substrate system. The detection limit of ELISPOT assays was calculated to be 10-200 times lower than ELISA performed on culture supernatants, which is generally considered the lowest limit among all methods for immunological monitoring. Correlation with clinical outcome has shown conflicting results (12) .
Compared to ELISPOT, intracellular fluorescence-activated cell sorting (intracellular-FACS) offers the advantages of speed and the ability of identifying subsets of reactive T-cells (e.g. cytotoxic versus helper Tcells; memory versus effector T-cells); however, its detection limit is higher. The application of this immunological tool in cancer vaccine trials is still in its infancy.
Soluble recombinant HLA-peptide tetramers are being increasingly used to identify and quantify TAAspecific T-cells. Fluorescent HLA/peptide tetramers, upon incubation with a polyclonal mixture of T-cells, bind those bearing the corresponding specific TCR and can be detected by flow cytometry. While most published information has been gathered using HLA class I/peptide tetramers for CD8 + T-cell screening, HLA class II/peptide tetramers have also been developed for the assessment of CD4 + T-cell-mediated immune responses. A limitation of this technology is that many clinically important epitopes bind HLA molecules with low affinity that precludes the production of the corresponding tetramers. Moreover, when T-cells are stimulated with the relevant epitope, a high level of TCR downregulation can occur that does not allow for the identification of all T-cells expanded by vaccination. Finally, it must be remembered that the information provided by this method is purely quantitative, whereas the functional status of T-cells identified with this technology has been found to be depressed (129, 130) . Although some investigators could correlate the presence/increase of CTL as assessed by tetramer technology with a favorable clinical outcome (131,132), others did not (130, 133) .
Finally, quantitative real-time polymerase chain reaction (qrt-PCR) has been recently proposed for the monitoring of vaccine trials (89, 134) .
Overall, several monitoring strategies have been implemented to evaluate the T-cell response to anticancer ASI in the peripheral circulation as well as the tumor site, including limiting dilution, in vitro sensitization and ELISPOT, which have been so far the most widely utilized methods. These assays, though demonstrating that antigenspecific vaccination can elicit immune responses detectable in the peripheral blood of immunized patients, have been faulted by their limited sensitivity that often requires in vitro expansion of patient's lymphocytes. More recently, the use of soluble HLA/peptide complex tetramers, intracellular (FACS) analysis, and quantitative real-time polymerase chain reaction (qrt-PCR) has been proposed for the monitoring of vaccine trials. When combined, these methods have the appeal of allowing not only direct enumeration of T-cells specific for a particular epitope within relevant samples (e.g. PBMC; secondary lymphoid organs such as lymph nodes; tumor biopsies) but also to determine the lymphocyte activation status with high sensitivity.
CURRENT VACCINATION STRATEGIES
Polyvalent vaccines 4.3.1.1. Whole cell polyvalent vaccines
Living whole tumor cells inactivated by irradiation are the earliest forms of antitumor vaccines and have been extensively studied in human trials. The concept of using autologous whole cells remains appealing because these vaccines should contain a large repertoire of TAA potentially targeted by the immune system, including TAA unique to the patient tumor. However, the main drawback of autologous tumor cell vaccines is the difficulty of obtaining tumor cells from patients with visceral disease and their scarce availability in the adjuvant setting. Allogeneic preparations, which are made out tumor cell lines grown in vitro, overcome the limitation of cancer cell source. However, it can be objected that such vaccine preparations introduce dominant allogeneic antigens (i.e. HLA molecules) that might overwhelm the induction of an effective immune response to more relevant but weaker antigens (i.e. TAA). Several efforts have been made to increase the immunogenicity of these vaccines. Autologous tumor cells have been aptenized by reacting them with dinitrophenyl (DNP), exploiting the ability of haptens to induce an immune response to the carrier antigen they are coupled with (135) . More recently, both autologous and allogeneic tumor cells have been transfected with cytokines (e.g. GM-CSF, IL-2, etc.) in order to recruit and activate APC at the site of vaccine injection, thus favoring the process of TAA uploading and ultimately TAA presentation to T-cells in secondary lymphoid organs (reviewed in (12) ). The efficacy of autologous/allogeneic whole cell tumor vaccines has not been proven by randomized trials so far performed in the adjuvant setting, although there might be a survival advantage for patients with immunological response to vaccination (123, 136, 137) . Other randomized trials are under way in both the therapeutic and adjuvant setting.
Tumor lysate vaccines
The ability of tumor lysates to induce a longlasting antitumor immunity was first demonstrated in animal models employing viral oncolysis (138) . Subsequent studies demonstrated that tumor cell lines lysed mechanically or enzymatically can also evoke an effective immune response (139).
In humans, randomized studies carried out in the therapeutic and adjuvant settings have not demonstrated the efficacy of lysate vaccines (140) , although a survival benefit has been described for patients who might better respond to vaccination based on their HLA pattern (141).
Heat shock proteins
Heat shock proteins (HSP) are intracellular proteins that act as chaperones for peptides, including TAA-derived peptides (142) . DC express CD91, a specific receptor for HSP whose engagement leads to maturation of these APC (143) . Therefore, HSP released by necrotic cells function both as endogenous danger signal and as a vehicle to cross-present TAA by DC. HSP can be isolated and used as polyvalent autologous cancer vaccine preparation of undefined TAA, thus obviating the need to identify TAA epitopes recognized by CTL.
On the basis of the encouraging results obtained in animal models (144) and pilot studies conducted in humans (145) , HSP are being tested in phase III randomized trials enrolling patients affected with resected renal cell cancer or melanoma.
Shed antigen vaccines
This partially purified allogeneic polyvalent vaccine is made from surface material shed into a culture medium under proper laboratory conditions by a pool of selected tumor cell lines (146) . This vaccine formulation provides, in theory, a broad array of TAA epitopes released from HLA molecules present on malignant cells, without the risk of contamination with irrelevant allogeneic antigens and perhaps immunosuppressive factors present inside malignant cells.
In the adjuvant setting, a significant disease-free (but not overall) survival advantage has been observed in a randomized phase III trial of patients with resected stage III melanoma (147).
Antigen-defined vaccines 4.3.2.1. Carbohydrate vaccines
Carbohydrates represent the epitope of several TAA including glycosphingolipids and glycoproteins. They are either overexpressed by cancer cells (e.g. gangliosides) or unique TAA originating from the altered glycosylation of mucins characteristic of tumor progression (148) .
In a randomized trial, the efficacy of a ganglioside-based vaccine was compared to IFN-α for the adjuvant treatment of high-risk melanoma patients (TNM stage II-III) and the results showed that IFN-α guaranteed a survival advantage over vaccination (149) . Nevertheless, it was also noted that patients with humoral response to the vaccine did show a better clinical outcome as compared to non-responders. Currently, a phase III study (ganglioside versus control) is under way in patients with stage II cutaneous melanoma. A large randomized trial using the aberrant mucin sialyl-Tn epitope has been recently completed but results have not been published yet (150).
Peptide vaccines
A large number of studies demonstrated the existence of tumor-specific antigens on mouse and human tumors that can be recognized by autologous CTL. Most of these antigens consist of peptides that are presented to Tcells by HLA molecules The majority of TAA-derived peptides identified so far are presented in association with class I HLA molecules and are recognized by tumorspecific CTL, although the number of TAA epitopes presented in association with class II HLA molecules and recognized by helper T-cells is growing. Although tens of T-cell-defined TAA peptides are currently available (19) , their clinical use is limited to patients expressing the appropriate HLA molecule and to tumors expressing the TAA from which the vaccine peptide derives.
The majority of TAA epitopes derive from normal proteins, for which immune tolerance may prevent immunogenicity. One of the strategies employed to deal with this phenomenon is to synthetically modify the sequence of natural epitopes at amino acid residues that are crucial for the interaction with the HLA/T-cell receptor molecules (151) . Both objective tumor responses and survival benefit (particularly in immune responders) have been reported with the use of such ASI strategy, alone or in combination with IL-2 (125, (152) (153) (154) . Randomized trials are ongoing in the therapeutic setting.
Recombinant protein vaccines
The use of recombinant proteins is attractive because they are molecularly defined and easily produced by means of recombinant technology. Moreover, their administration enables the patient's own immune system to recognize HLA class I and/or II restricted peptides, thus overcoming the requirement of knowing their sequence in advance, which is necessary for peptide-based vaccines. Idiotype-based vaccines for patients with B-cell malignancies belong to this group of ASI (reviewed in (13) ). Although the experience is still limited and only one randomized trial has been performed, some survival advantage has been reported in patients developing an immune response to the vaccine (124, 155, 156) .
Recombinant virus vaccines
The finding that viral infections lead to the presentation of viral peptides in association with MHC class I and class II HLA molecules on the surface of infected cells has led to the design of strategies in which viruses are used as immunization vehicles. Viruses such as vaccinia, poxvirus and adenovirus are potentially ideal vectors for the delivery of TAA, because of their ability to directly infect and activate APC (157) . To circumvent the development of anti-virus neutralizing antibodies that diminished the host response to TAA during subsequent vaccination boosts, investigators have tested viral vectors (i.e. avipox virus) with the ability to infect human cells and express the transgene for 2-3 weeks without replicating. Recombinant viruses have also been utilized to encode and express molecules acting as immunological adjuvants (e.g. B7.1). Although some objective responses have been observed, none of the few studies thus far performed has demonstrated any significant clinical benefit (reviewed in (12)).
DNA vaccines
Naked DNA vaccines consist of the specific gene encoding the TAA of interest cloned into a bacterial plasmid engineered for optimal expression in eukaryotic cells (158) . Notably, DNA vaccines also contain nucleotide sequences (e.g. oligo-CpG) that can act as immunological adjuvants (159) . Plasmid DNA, which can also express immunological adjuvants other than oligo-CpG (e.g. cytokines) and costimulatory molecules, has the advantages that it is readily deliverable, molecularly defined and can be easily constructed and produced in large quantities.
No major objective responses have been yet described in humans, but the implementation of this ASI strategy in the clinical setting is still in its infancy (reviewed in (12)).
Anti-idiotype vaccines
Conventional network theory postulates that a mirror-image antibody can be generated to any specific antibody (160) . Vaccination with TAA-specific mouse antibodies (Ab1) results in the formation of autologous antibodies (Ab2) against the vaccine. The variable part of these induced antibodies fits to the idiotype of Ab1, and therefore strongly resembles the epitope of the original TAA. Consequently, this anti-idiotype can be used as a surrogate vaccine in place of the natural TAA by stimulating cellular and/or humoral (i.e. production of Ab3 antibodies) immune responses. This vaccination strategy requires relatively low amounts of vaccine preparation and allows for the vaccination towards non-protein antigens (e.g. carbohydrates) that are difficult to be cloned. Furthermore, in preclinical models anti-idiotype antibodies are particularly effective in breaking immune tolerance to TAA (161) . Blocking antibodies against the murine immunoglobulin can be produced by the host. This phenomenon can be avoided by using the technique of humanized antibodies (162) .
In the small number of patients so far enrolled in nonrandomized studies, some clinical benefit has been reported, particularly in immune responders (126, 163) . Randomized phase III trials are being carried out.
Dendritic cell based vaccines
The fate of TAA largely depends on their ability to be internalized and processed by DC, the most effective APC. DC expressing high levels of HLA class I and class II as well as costimulatory molecules have been demonstrated to be effective in presenting TAA peptides to enhance cellular immunity both in vitro and in vivo (164) . The use of TAA/peptide-loaded DC requires prior knowledge of patient HLA types and the sequences of the relevant antigens/epitopes. To overcome this limitation, tumor cells or their mRNA content (165) have been used as immunogens. As a further development of the DC-based vaccination strategy, some investigators have proposed the fusion of cancer cells with DC to generate cell hybrids with the characteristics of an antigen-presenting cell able to process endogenously provided TAA (166) .
Despite the strong preclinical evidence supporting the use of DC in humans for antitumor vaccination, the results of clinical trials so far reported are conflicting (167-172). The labor-intensive and timeconsuming methods required for the preparation of such vaccines has hampered the conduction of large prospective studies in humans. Nevertheless, a comparative phase III trial of DC-based vaccination for the treatment of advanced prostate carcinoma is underway.
Future perspectives in cancer vaccine development 4.4.1. Novel targets
In the search for the ideal TAA suitable for anticancer vaccination, investigators are looking for antigens with three main characteristics: a) maximal immunogenicity, b) wide expression by different tumor types, and c) maximal tumor specificity (173) . In animal models, immunization with xenogeneic homologs of TAA appears to be a promising approach to break immune tolerance to weakly immunogenic self-antigens such as most TAA (174-176). In humans, similar immunological responses have been reported (177) , although no data are yet available on tumor response.
Most TAA so far utilized in the clinical setting play a non-vital role in the metabolism of malignant cells (e.g. gp100, MAGE-3, CEA). Accordingly, selection of tumor cells not expressing these TAA can be the only effect of anticancer vaccination. A new class of TAA is represented by antigens involved in cancer cell survival. This is the case of the anti-apoptotic protein survivin (178) and the cell survival-related ribonucleoprotein telomerase (179) , which are expressed by most tumor types. Preclinical and clinical preliminary results are encouraging (180) (181) (182) (183) (184) (185) . A further development of this strategy is to indirectly target tumor cells by immunizing the host against tumor angiogenesis-related antigens (e.g. VEGF receptor-2, FGF receptor-1) in order to induce tumor necrosis by shortening its blood supply (174-176).
Peripheral tolerance
Low-affinity autoreactive T-cells can avoid negative selection in the thymus. Indeed a low level of autoreactivity is required for positive thymic selection. In normal circumstances, after maturation is complete, these autoreactive T-cells are likely to be either ignorant (that is, they simply do not "see" their target epitope) or anergic (defined as a state of induced unresponsiveness). In the first case, they do not have any contact with the antigen. Naturally occurring and vaccine-induced TAA specific Tcells can be negatively regulated by host factors, such as 1) immunosuppressive cytokines (e.g. prostaglandin-E2, TGF-β) (186) (187) (188) (197, 198) , and tolerogenic DC (42, 199) . T-cell inhibition by suppressor cells is mediated by soluble factors (e.g. TGFβ, IL-13) or cell-to-cell contact involving inhibitory receptors (e.g. CTLA-4) (200) and ligands (e.g. B7-H1) (201) . These and other recent insights on the molecular pathways involved in T-cell unresponsiveness to TAA (202) (203) (204) are spurring the development of novel strategies aimed at counteracting this phenomenon. For instance, the blockade of CTLA-4 (205, 206) or B7-H1 (201) , neutralization of TGF-β (207, 208) or IL-13 (209) , and inhibition of tolerogenesis related enzymes (e.g. indoleamine 2,3-dioxygenase, IDO) (210, 211) improve the antitumor immune reaction and increase tumor rejection rates in preclinical models.
Immunological adjuvants
Immunological adjuvants (IA) are agents of very different nature (e.g. microbial extracts, cytokines aluminum hydroxide, and so on) that mixed with an antigen enhance the immune response against that antigen after immunization (212, 213) . Even though at present only two IA are approved for clinical use worldwide (i.e. aluminumbased salts and MF59, a squalene-oil/water emulsion), many other substances (e.g. incomple Freund's adjuvant, IFA; saponin QS-21; several cytokines, and so forth) that increase the immunogenicity of vaccines have been tested and proven to be effective in animal models and humans.
Generally, IA are believed to activate innate immunity mediators such as DC and NK cells that ultimately stimulate T-cell function by secreting cytokines and freeing TAA and "danger" signals (e.g. heat shock proteins, HSP; double stranded DNA, dsDNA) from tumor cells (36, 214) . As it has been demonstrated that NK cells and DC efficiently cooperate to start an efficient T-cell response (105,215), more and more attention is being paid to the appropriate stimulation of the innate immunity arm while eliciting an adaptive immune reaction to a given TAA. Recently, bacterial DNA has been found to have strong immunostimulatory activity due to the presence of unmethylated CpG dinucleotides (216) . These bacterial products can be bound by several receptors of the toll like receptor (TLR) family, which are expressed by DC and NK cells (217) . Their engagement induces the maturation/activation of innate immunity cells, ultimately favoring the stimulation of the T-cell activity (218) Although this novel category of IA has been already implemented in the clinical setting (218) , the efficacy of cancer vaccines based on these IA is not yet defined.
Among IA, cytokines are molecules with known effects on innate/adaptive immunity cells, and a growing number of them (e.g. IL-2, IL-7, IL-12, GM-CSF, IFN-α, IFN-γ) is being tested as IA for antitumor vaccination in clinical trials. These molecules act as "danger" signals in alerting the immune system: by promoting the differentiation/activation of DC and stimulating NK cell cytotoxic activity, they are considered powerful natural adjuvants for the development of cancer vaccines (219) (220) (221) . The efficacy of some cytokines more recently identified (e.g. IL-15, IL-18, IL-21) has been proven in vaccination preclinical models (38, 222, 223) , but is still to be tested in clinical trials.
CONCLUDING REMARKS
Despite the enormous theoretical potential of this type of biotherapy, the clinical results of cancer vaccines are still limited and no vaccination regimen should be currently proposed to patients outside experimental clinical trials. The initial enthusiasm for anticancer ASI is being tempered by clinical results that, so far, have not met the expectations, as pointed out in an extensive review of the literature (>3,000 patients) (12, 13) , in which the mean overall (tumor disappearance or shrinkage ≥50%) response rate is 10% (range 0-42%) (224) . Although it should be remembered that most patients are heavily treated with conventional chemotherapy regimens before undergoing ASI, suggesting that they are likely affected with particularly aggressive/resistant tumors as compared to those submitted to first-line chemotherapy, these figures are too low for an approach with therapeutic ambitions.
This disappointing clinical evidence can be at least in part justified by the difficulty of appropriately exploit the anticancer potential of a highly complex cellular/molecular network such as the immune system: as an example, different types of immune cells (e.g. DC) can show different if not opposite functions and interact with a number of other immune cells belonging to both the innate and the adaptive arm of the immune system. Therefore, the net effect of the immune system activity depends upon several variables that likely are not controlled by current vaccine formulations. Obviously, only by dissecting the physiology of the immune system in a greater detail will allow investigators to fully exploit the anticancer potential of ASI (225, 226) .
The myriad of vaccine preparation protocols is making the assessment of their therapeutic efficacy particularly challenging: in this respect, the urgent need for the standardization of procedures that has been repeatedly advocated (227, 228) would greatly benefit from the definition of the best procedures for clinical grade anticancer vaccines, particularly in the case of cellular vaccines (e.g. DC-based ASI).
Clinical results so far obtained in humans allow us to state that the immune system can be actively polarized against malignant cells by means of a variety of ASI strategies, and that in same cases this is associated with tumor regression. This implies that under some unique circumstances, the naturally "dormant" immune effectors can actually be put at work and used as endogenous weapons against malignant cells. Consequently, the main challenge of tumor immunologists appears to lie on the ability of reproducing those conditions in a larger set of patients. Several ASI trials have shown that vaccine effectiveness correlates with a particular immunological settings of patients or immune response to the vaccination (141, 229) , strengthening the idea that the combination of certain tumor/host immune-related features (antigenicity, antigen presentation capabilities and so on) can be successfully turned into a therapeutic immune response by vaccination. Opposite findings (immune response without tumor regression) should not be regarded as the proof confuting the above statement, but rather suggest that some immunological parameters commonly utilized for monitoring vaccinated patients are not suitable for the detection of an effective immune response (116). In this regard, the identification of novel surrogates of effective Tcell activation (e.g. LAMP-1) might usefully serve the cause in the near future (230) . Moreover, the multilevel comparison (by means of high-throughput technologies, such as DNA microarray and proteomics platforms) of the multitude of dynamic immunological variables found within the tumor microenvironment in patients responding versus non-responding to anticancer vaccination might be particularly useful to describe the cascade of cellular/molecular events leading to immune-mediated tumor eradication (89, 91, (231) (232) (233) .
Finally, as in the case of some standard chemotherapeutic regimens (234) , the potential of ASI might be better exploited in the adjuvant rather than in the therapeutic setting (235) . Results from recent randomized studies (147, 236, 237) support the hypothesis that ASI might be more effective in the presence of minimal residual disease, owing to a favorable effector/target ratio as compared to the scenario of metastatic disease.
The complexity of the immune network and the still enigmatic host-tumor interactions make these tasks at the same time challenging and fascinating. Recent tumor immunology findings are giving new impetus to the development of more effective ASI strategies and might revolutionize the way of designing the next generation of cancer vaccines (2, 32) . The improved knowledge of the mechanisms underlying immunological tolerance and the greater importance attributed to the interactions between innate and adaptive immune responses are leading to a more comprehensive immunotherapeutic approach that takes into consideration the multiple variables determining an effective immune attack on cancer.
In the near future, the implementation of these insights in the clinical setting and the completion/conduction of comparative randomized phase III trials will allow oncologists to define the actual role of ASI in the fight against malignancy.
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